Neurons transmit information at chemical synapses by releasing neurotransmitters that are stored in synaptic vesicles (SVs) at the presynaptic site. After release, these vesicles need to be efficiently retrieved in order to maintain synaptic transmission [1] [2] [3] . In concurrence, malfunctions in SV recycling have been associated with cognitive disorders [4, 5] . Oligophrenin-1 (OPHN1) encodes a Rho-GTPaseactivating protein (Rho-GAP) whose loss of function causes X-linked mental retardation [6, 7] . OPHN1 is highly expressed in the brain and present both pre-and postsynaptically in neurons [8] . Previous studies report that postsynaptic OPHN1 is important for dendritic spine morphogenesis [8, 9] , but its function at the presynaptic site remains largely unexplored. Here, we present evidence that reduced or defective OPHN1 signaling impairs SV cycling at hippocampal synapses. In particular, we show that OPHN1 knockdown affects the kinetic efficiency of endocytosis. We further demonstrate that OPHN1 forms a complex with endophilin A1, a protein implicated in membrane curvature generation during SV endocytosis [10] [11] [12] [13] [14] [15] [16] and, importantly, that OPHN1's interaction with endophilin A1 and its Rho-GAP activity are important for its function in SV endocytosis. Our findings suggest that defects in efficient SV retrieval may contribute to the pathogenesis of OPHN1-linked cognitive impairment.
Summary
Neurons transmit information at chemical synapses by releasing neurotransmitters that are stored in synaptic vesicles (SVs) at the presynaptic site. After release, these vesicles need to be efficiently retrieved in order to maintain synaptic transmission [1] [2] [3] . In concurrence, malfunctions in SV recycling have been associated with cognitive disorders [4, 5] . Oligophrenin-1 (OPHN1) encodes a Rho-GTPaseactivating protein (Rho-GAP) whose loss of function causes X-linked mental retardation [6, 7] . OPHN1 is highly expressed in the brain and present both pre-and postsynaptically in neurons [8] . Previous studies report that postsynaptic OPHN1 is important for dendritic spine morphogenesis [8, 9] , but its function at the presynaptic site remains largely unexplored. Here, we present evidence that reduced or defective OPHN1 signaling impairs SV cycling at hippocampal synapses. In particular, we show that OPHN1 knockdown affects the kinetic efficiency of endocytosis. We further demonstrate that OPHN1 forms a complex with endophilin A1, a protein implicated in membrane curvature generation during SV endocytosis [10] [11] [12] [13] [14] [15] [16] and, importantly, that OPHN1's interaction with endophilin A1 and its Rho-GAP activity are important for its function in SV endocytosis. Our findings suggest that defects in efficient SV retrieval may contribute to the pathogenesis of OPHN1-linked cognitive impairment.
Results and Discussion

OPHN1 Is Important for Efficient SV Endocytosis
We demonstrated previously that OPHN1 is present at presynaptic sites of hippocampal neurons and is concentrated in axonal boutons that stain positive for synaptophysin ([8] and Figure S1 available online). Presynaptic boutons are sophisticated compartments designed for the regulated release of neurotransmitters via SVs. Because a synaptic terminal in the brain typically contains only 100-200 SVs, they must be recycled to maintain efficient neurotransmitter release during ongoing activity [1] [2] [3] . Multiple mechanisms have been reported for SV retrieval; among them, clathrin-mediated endocytosis is believed to be a major physiological mechanism at hippocampal synapses [3, [17] [18] [19] [20] [21] [22] [23] .
To explore a potential role for OPHN1 in SV cycling, we examined SV uptake at presynaptic terminals of hippocampal neurons in which OPHN1 expression was reduced by RNA interference (RNAi). As shown in Figure S2 , RNAi that used short hairpin RNAs (shRNAs) targeting the coding sequence (Ophn1#1) or the 3 0 untranslated region (3 0 UTR; Ophn1#2) of rat OPHN1 mRNA, but not a scrambled control shRNA (scr#1), dramatically reduced OPHN1 levels in hippocampal neurons. We then used the fluorescent styryl dye FM4-64, which becomes trapped in SVs upon endocytosis, to assess the effect of OPHN1 knockdown on SV uptake [24] . In brief, hippocampal neurons were cotransfected with a synaptophysin-EGFP expression vector (to label presynaptic boutons) and vectors expressing Ophn1#1, Ophn1#2, scr#1, or no shRNA. FM4-64 dye was loaded into SVs by depolarizing neurons with KCl. After collecting FM4-64 staining images, we subjected the neurons to a second KCl stimulus to unload the dye ( Figure 1A ). Interestingly, neurons expressing Ophn1#1 or Ophn1#2 shRNA displayed a significantly reduced uptake of FM4-64 dye in their presynaptic boutons when compared to empty control vector or scr#1 shRNA expressing neurons ( Figures 1A and 1B) . Similar results were obtained when Ophn1 shRNAs were introduced into hippocampal neurons by lentiviral transduction ( Figure 1C and Figure S2 ).
To ensure that the reduction in FM4-64 uptake was specifically caused by impaired OPHN1 expression, we performed rescue experiments by using OPHN1 cDNA that lacks the 3 0 UTR and is therefore resistant to Ophn1#2-shRNA-mediated RNAi. The levels of OPHN1 expression in neurons coexpressing RNAiresistant OPHN1 WT and Ophn1#2 shRNA were restored to normal levels ( Figure S2) , and, most importantly, the extent of FM4-64 accumulation in presynaptic boutons was comparable to that of control neurons ( Figures 1A-1C ). These data indicate that the observed effect of OPHN1 RNAi is specific.
The reduction in FM4-64 dye uptake in OPHN1 RNAi expressing neurons could be due to aberrations in a number of processes, including impairment in SV endocytosis, reduction in number of SVs available for release, and/or a defect in SV release kinetics. A first hint for a potential role of OPHN1 in controlling the rate of SV endocytosis came from our experiments in which the time of FM4-64 dye exposure after stimulation was varied (30 s versus 3 min) and the more physiological electrical field stimulation was used to load and unload the dye ( Figures 1D and 1E) . Specifically, in one set of experiments, neurons were stimulated at 10 Hz for 30 s in the presence of dye, and the dye was immediately washed out ( Figure 1D ), whereas in the other set the dye was left for an additional 2.5 min after the 30 s stimulation ( Figure 1E ). In both cases, the total dye uptake was assessed in subsequent maximal unloading rounds of stimulation. Without delay of the wash, the total amount of internalized dye was reduced by w50% in Ophn1#2-shRNA-expressing neurons compared to scr#1-shRNA-expressing neurons ( Figure 1D ). In contrast, only a reduction of w15% was observed when the dye was left for a total of 3 min ( Figure 1E ), suggesting that over time OPHN1-depleted neurons could take up similar amounts of dye as the control neurons, but doing so at a slower rate.
To further investigate this, we measured the kinetics of SV endocytosis after electrical stimulation [24, 25] . Specifically, Ophn1#2-and scr#1-shRNA-expressing neurons were presented with FM4-64 dye for 3 min after a variable delay time Dt after the start of a 300 action potential (AP) stimulus train, and the total dye uptake was quantified in subsequent unloading rounds of stimulation ( Figure 1F) . Notably, as the interval of Dt is increased, more endocytosis occurs before the dye exposure, and, hence, less dye is incorporated into the vesicle pool.
We observed a significant reduction in the kinetics of dye uptake in neurons expressing Ophn1#2 shRNA compared to scr#1-shRNA-expressing neurons, with 50% of maximal uptake (t 1/2 ) occurring within w53 s for Ophn1#2 shRNA and w27 s for scr#1 shRNA ( Figure 1F ). This reduction was rescued by coexpressing RNAi-resistant OPHN1 WT with Ophn1#2 shRNA (t 1/2 of w28 s, Figure 1F ). These data imply that knockdown of OPHN1 in synaptic terminals slows down SV endocytosis. Importantly, when examining the kinetics of FM4-64 dye unloading [26] in neurons expressing Ophn1#2 or scr#1 shRNA, we found that the kinetics of dye unloading was not significantly different between neurons expressing Ophn1#2 shRNA and those expressing scr#1 shRNA ( Figure S3 ), indicating that the slowed endocytosis is not due to an alteration in the rate of SV exocytosis. Thus, our data support a role for OPHN1 in controlling the kinetic efficiency of endocytosis. The additional involvement of OPHN1 in other step(s) of the SV recycling process is however not excluded.
Presynaptic OPHN1 Knockdown Impairs Efficacy of Synaptic Transmission under High-Frequency Stimulation
Next, we performed electrophysiological experiments to gain insight into the functional consequences of impaired presynaptic OPHN1 expression. For these experiments, the presynaptic CA3 area of hippocampal brain slices was infected with a high-titer lentivirus expressing either scr#1 or Ophn1#2 shRNA, together with EGFP. A stimulating electrode was then positioned in the heavily infected cell body area in CA3 to activate CA3 axons expressing Ophn1#2 or scr#1 shRNA. Recordings of evoked responses (EPSCs) were made from uninfected pyramidal neurons in the CA1 region ( Figure 2A) .
We investigated the impact of presynaptic OPHN1 knockdown on glutamatergic synaptic transmission under highfrequency stimulation conditions that produce short-term synaptic depression. Under these conditions, the number of SVs available for release becomes rate limited as a result of a variety of factors, including the replenishment of the readily releasable pool of SVs (RRP) by vesicle retrieval [22, 27] . In this regard, increased synaptic depression has been observed when key SV endocytosis components were perturbed [13, 14, 27, 28] . Interestingly, we found that upon repetitive stimulation at 10 Hz (100 stimuli), the EPSC amplitude in CA1 neurons receiving their input from Ophn1#2-shRNA-expressing CA3 neurons decreased more rapidly and reached a significantly lower plateau compared to the EPSC amplitude in CA1 neurons receiving their input from scr#1-shRNA-expressing CA3 neurons ( Figures 2B and 2C) . Furthermore, when examining the effect of multiple train stimulations on the EPSC amplitude, we also found that CA1 neurons receiving their input from Ophn1#2-shRNAexpressing CA3 neurons exhibited a significantly steeper decrease in the EPSC amplitude compared to that in neurons receiving their input from scr#1-shRNA-expressing CA3 neurons ( Figure 2D) . Importantly, the steeper decrease in EPSC amplitudes was rescued by coexpressing RNAi-resistant OPHN1 WT with Ophn1#2 shRNA in the CA3 neurons ( Figures 2B-2D) . The difference in EPSC amplitudes after train stimulations strongly suggests that replenishment of the RRP is hindered in Ophn1#2-shRNA-expressing CA3 neurons. In view of our finding that OPHN1 affects endocytosis kinetics, we infer that this impediment probably reflects impaired SV endocytosis caused by OPHN1 knockdown, although a contribution from other mechanisms cannot be excluded. It is worth mentioning that we did not observe any defect in paired-pulse facilitation in OPHN1 knockdown neurons at all interstimulus intervals assayed ( Figure 2E ), implying that the integrity of the presynaptic release machinery was not appreciably affected by OPHN1 knockdown. Overall, our findings indicate that presynaptic OPHN1 is important for maintaining synaptic efficacy during repetitive firing at hippocampal synapses.
Identification of Endophilin A1 as an OPHN1-Interacting Protein
To gain insight into how OPHN1 affects SV retrieval, we searched for OPHN1-interacting proteins by performing a yeast two-hybrid (YTH) screen. Interestingly, two of the positive clones contained identical cDNAs matching the entire sequence of endophilin A1. Endophilin A1 is a member of the endophilin family that is primarily expressed in the brain and has been implicated in several stages of SV endocytosis [10, [13] [14] [15] [16] . It contains an N-terminal N-BAR (Bin/Amphiphysin/ Rvs-homology) domain that drives membrane curvature and a C-terminal SH3 domain [11, 12] .
The interaction between OPHN1 and endophilin A1 was rigorously tested by several different approaches. First, the YTH interaction ( Figure S4 ) was confirmed by GST-fusion protein pull-down assays ( Figure 3A) . Second, to demonstrate an in vivo association between OPHN1 and endophilin A1, we carried out coimmunoprecipitation experiments by using lysates prepared from mouse brain. An anti-OPHN1 antibody coimmunoprecipitated endophilin A1 from brain lysates, and vice versa an anti-endophilin 1 antibody coimmunoprecipitated OPHN1 ( Figure 3B ). Finally, we performed colocalization studies in hippocampal neurons and found that endogenously expressed OPHN1 and endophilin A1 proteins colocalize in axonal boutons ( Figure S4 ). Together, these results indicate that OPHN1 and endophilin A1 form a complex in vivo.
We next set out to identify the endophilin A1-binding region in OPHN1. The OPHN1 protein contains several interesting protein motifs: a BAR and Pleckstrin-homology (PH) domain at its N terminus and a GAP domain shown to negatively regulate Rho proteins [8] , followed by three successive proline-rich domains (PRDs) at its C terminus ( Figure 3C ). We generated a series of OPHN1 deletion mutants and tested them for their ability to interact with full-length endophilin A1 by using the YTH system ( Figures 3C and 3D ). Only OPHN1 fragments that contain the PRDs were able to interact with endophilin A1 ( Figure 3D ). Given that PRDs serve as docking sites for SH3 domains and endophilin A1 contains an SH3 domain, we reasoned that OPHN1 is likely to bind to endophilin A1 via one of its PRDs. To examine this, we introduced amino acid substitutions into the first (PRD1*), second (PRD2*), or third (PRD3*) PRD of full-length OPHN1 ( Figure 3C ). Wildtype and mutant OPHN1-EGFP fusion proteins were then tested for their ability to bind endophilin A1 in GST-fusion pull-down assays ( Figure 3E ). In contrast to OPHN1-PRD1* and OPHN1-PRD2* mutants, the OPHN1-PRD3* mutant failed to interact with endophilin A1. Also, an OPHN1 deletion mutant lacking the entire PRD3 domain (OPHN1DPRD3) failed to bind endophilin A1 ( Figures 3C and 3E) , indicating that the third PRD is critical for OPHN1's interaction with endophilin A1.
To directly demonstrate that the SH3 domain of endophilin A1 is sufficient for binding to OPHN1, we performed pulldown assays by using the isolated SH3 domain fused to GST and lysates from HEK293T cells expressing OPHN1-EGFP. Figure 3F shows that this domain indeed is sufficient to bind to OPHN1. Endophilin A1 has previously been shown to interact with other proteins, including dynamin-1, a GTPase whose activity is required for vesicle fission [29] . This prompted us to look at interactions between endophilin A1, OPHN1, and dynamin-1. We found that endophilin A1 can bind to both OPHN1 and dynamin-1, and OPHN1 can bind to both endophilin A1 and dynamin-1, suggesting a potential interaction network ( Figure S5 ).
OPHN1's Interaction with Endophilin A1 and Its Rho-GAP Activity Are Required for Its Role in SV Endocytosis
To determine whether OPHN1's interaction with endophilin A1 is important for its role in SV retrieval, we tested whether reintroduction of the OPHN1-PRD3* mutant, which is defective in endophilin A1 binding, could rescue the reduction in FM4-64 dye uptake and in endocytosis kinetics observed in Ophn1#2 shRNA expressing neurons. Neurons expressing Ophn1#2 shRNA together with EGFP, RNAi-resistant OPHN1-WT, or OPHN1-PRD3* were subjected to FM4-64 dye experiments as described above. In contrast to OPHN1 WT, reintroduction of OPHN1-PRD3* failed to rescue both the reduction in FM4-64 dye uptake and in endocytosis kinetics ( Figures 4A and 4B) . Notably, OPHN1 WT and OPHN1-PRD3* were expressed at similar levels ( Figure 4C ), and the OPHN1-PRD3* mutant was still concentrated in presynaptic boutons ( Figure S6 ). These data indicate that the interaction of OPHN1 with endophilin A1 is important for OPHN1's function in the SV retrieval process. The mechanistic details of the OPHN1-endophilin A1 interaction remain to be established. Our imaging data suggest that OPHN1 binding to endophilin A1 is not essential for its localization to synaptic boutons and that other domain(s) in OPHN1 and/or interaction(s) probably mediate this. Nevertheless, given the presence of an N-BAR and BAR domain in endophilin A1 and OPHN1, respectively, these proteins when present in a complex could cooperate in the sensing and generation of membrane curvature at endocytic pits. Indeed, the BAR + PH domain of OPHN1 has been shown to tubulate liposomes [30] . Previous work had linked the GAP activity of OPHN1 to the RhoA-and-Rho-kinase pathway for spine length regulation [8] . Given that Rho proteins have been implicated in endocytic trafficking, we tested whether the Rho-GAP activity of OPHN1 is also important for its function in SV retrieval. To this end, we generated an OPHN1 mutant, OPHN1-GAP, which virtually lacks Rho-GAP activity ( Figure S7 ). We confirmed that OPHN1-GAP was still able to bind endophilin A1 ( Figure S8 ) and showed a similar subcellular distribution pattern as OPHN1 WT ( Figure S6 ). Coexpression of OPHN1-GAP with Ophn1#2 shRNA failed to rescue the decrease in FM4-64 uptake and reduction in endocytosis kinetics caused by OPHN1 knockdown (Figures 4A-4C) . Thus, these data imply that OPHN1's Rho-GAP activity is also important for its role in SV endocytosis.
Conclusions
Previous studies have reported that the X-linked mental retardation protein OPHN1 is important for dendritic spine morphogenesis and AMPA-receptor-mediated transmission [8, 9, 31] . Here, we show that OPHN1 is required for efficient SV retrieval and that the underlying mechanism involves its interaction with endophilin A1 and Rho GTPases. Increasing evidence points to a link between malfunctions in SV recycling and cognitive deficits [4, 5] . For example, decreased SV recycling efficiency and cognitive deficits have been reported in mice deficient in amphiphysin, a clathrin accessory factor [4] . Thus, our findings suggest that besides defects in dendritic spine morphogenesis, inefficient SV endocytosis is likely to contribute to the pathogenesis of OPHN1-linked mental retardation.
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